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Abstract 
In this paper it is shown the design and characterization of a differential electromagnetic sensor. In absence of the sample the 
output signal of the sensor is null. There will only be an output signal in the presence of a magnetic material or a conductive 
sample in which eddy currents are generated, producing an external magnetic field. This working principle is non invasive and 
improves greatly the possibilities for signal conditioning. The sensor has been tested with a copper sample and for detection of 
variations in the blood glucose concentration, showing high sensitivity and potentialities for other applications. 
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1. Introduction 
Electromagnetic sensors have been employed for a long time in branches of science such as metallurgy, security 
systems, bioengineering, Non-Destructive Evaluation (NDE), electric power measurements and others1. The 
working principle of this kind of sensors is based in the change of magnetic flux in time, which induces an 
electromotive force in a conductor. Nowadays, there are growing necessities of electromagnetic sensors with high 
sensitivity, small sizes, low cost, capable of working at high temperatures and in harsh environments2. In this sense, 
in this investigation it is designed and characterized a new versatile and high sensitive differential electromagnetic 
sensor. In the sensor there will only be an output signal in the presence of a magnetic material or by the existence of 
a conductive sample in which eddy currents are generated, producing a secondary magnetic field.  
 
The working principle of the sensor improves greatly the possibilities for signal conditioning and the sensitivity. 
Other important advantages of the proposed sensor are that it doesn't require being in contact with the sample (non-
invasive); its flexibility; reduction of common mode noises; scaling potentialities and low cost fabrication. Hence, 
this sensor could be a promising solution for applications involving samples of magnetic or non-magnetic metallic 
materials because of its good characteristics. Furthermore, the use of the sensor can be extended to measurements 
with ionic fluids due to its high sensitivity. Based on this feature, the sensor was used for non-invasive detection of 
glucose variations in human blood. This experiment is interesting, because in general methods for glycaemia 
monitoring still present problems like pain, physiologic barriers, low sensitivity, noise, delays and calibration 
difficulties3, being a very strong topic of investigation at present time4. 
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 2. Differential Electromagnetic Sensor: Working principle, FEM simulation and fabrication 
The electromagnetic sensor presents a differential structure, consisting of a vertical arrangement of two excitation 
coils (Ind.Exc1 and Ind.Exc2) and an acquisition coil (Ind.Acq) between them (figure 1). The electric currents 
flowing through the excitation coils have the same amplitude and frequency, but they are 180o out of phase. In this 
way, the magnetic fields generated by the excitation coils are equal in magnitude and opposites, causing a null net 
magnetic flux in the acquisition coil (figure 1 a-)). Then, there is no induced voltage in the acquisition coil with the 
sensor isolated (no sample). The electromagnetic sensor is differential because it responses to the difference in the 
magnetic fields. This difference is due to the presence of a magnetic material altering the distribution of field lines in 
the vicinities of the sensor or to the existence of an external magnetic field generated from eddy currents (figure 1 b-
)). These currents appear in a conductive medium (metals or ionic dissolutions) placed near the sensor, which 
produces a variable magnetic flux that creates an electric field causing the movement of electric charges inside the 
sample. 
 
Figure 1. Schematic diagram explaining the operation principle of the sensor, a-) without sample, the net magnetic flux in the acquisition coil is 
null, b-) with a conductive sample, there is a net magnetic flux and an induced voltage in the acquisition coil. 
The theoretical analysis of the system (sensor and sample) employing its electrical models demonstrates that the 
voltage induced in the coil of acquisition is function of frequency, constructive characteristics of the sensor and the 
sample, their electric and magnetic properties, besides of the relative position between them. Any physical 
magnitude that could influence in some of the previous factors can be measured indirectly by the sensor with the 
adequate calibration, measurement system and processing. Furthermore, the analytical equation for the output signal 
shows the existence of a detection frequency in which the sensitivity of the sensor is maximum. This frequency is a 
function of the properties of the sample and could be used to measure different parameters, such as its conductivity 
or others. In summary, the first step is to carry out a sweep in the frequency of the excitation current to determine 
the amplitude or the frequency of the peak in the response, then, any of these values could be correlated with the 
variable under measurement. The rest of the factors and experimental conditions that affect the behavior of the 
differential electromagnetic sensor must be kept without variations.  
 
The figure 2 a-) shows a Finite Element Method (FEM) simulation in ANSYS of the voltage in an isolated 
sensor, which is form by 5 turns coils that are separated 2 mm between them. The currents flowing through the 
excitation coils have the same amplitude and frequency, being 180o out of phase. From the simulation can be 
observed that the induced voltage in the acquisition coil is zero. In figure 2 b-), it is shown the simulation of the 
magnetic induction vector B. The magnetic fields generated by the excitation coils are equals in magnitude and have 
opposite senses, therefore they are compensated around the center of the sensor and the net magnetic flux is null. In 
the figure 2 c-) a square copper sample was placed 1 mm away from the sensor. It can be seen that eddy currents 
appear inside the sample. These currents produce a magnetic flux that induces a voltage at the output of the sensor. 
Finally, the FEM simulations coincide with the theoretical analysis and demonstrate the working principle of the 
designed electromagnetic sensor.  
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Figure 2. FEM simulation in ANSYS of a-) of the voltage distribution on the isolated sensor, the voltage in the acquisition coil is null; b-) 
magnetic flux without sample, the magnetic fluxes are compensated; c-) magnetic flux with sample, there are eddy currents in the sample and a 
net magnetic flux through the acquisition coil.  
The sensor is composed by three planar coils of 32 turns, which have conductors of 18 µm thickness, 100 µm 
width and a spacing of 100 µm. The coils have square shapes with an external side of 14 mm. The acquisition coil is 
placed between the excitation coils at 2 mm from each. This separation was obtained by means of plastic 
screwdrivers and screw nuts. This structure can be used to change the distances among the elements of the sensor, 
giving facilities of manipulation and flexibility to the design. The Printed Circuit Technology (PCB) was used to 
fabricate the planar coils. It is important to highlight that planar coils could be scaled employing microelectronics 
fabrication technologies, reducing the size of the sensor at the micrometer. Other important feature of the designed 
sensor is that it doesn’t require being in contact with the sample (non-invasive).  
3. Results and discussion 
Finally, an experimental test was performed to demonstrate the working principle of the designed 
electromagnetic sensor and to characterize its operation in presence of a non magnetic metallic material. In this 
experiment the sensor (figure 3 a-)) was placed 1 mm away from a squared copper sample (1 cm side 1 mm thick). 
For all measurements the excitation coils of the electromagnetic sensor were fed with currents of equal amplitude (1 
mA) and frequency, but 180o out of phase. The frequency of the excitation currents was swept from 100 kHz to 10 
MHz. The peak to peak value of the induced voltage in the acquisition coil (Vind) at different frequencies is shown 
in figure 3 b-). The offset signal without sample is due to asymmetries in the assembly of the sensor. In the 
frequency response it can be observed a peak at 4 MHz. In this point the amplitude of the output signal of the sensor 
changes 560 mV with the presence of the metal. These results demonstrate the high sensitivity of the sensor and the 
existence of a detection frequency, coinciding with the theoretical analysis.  
 
The use of the designed electromagnetic sensor can be extended to measurements with ionic fluids due to its high 
sensitivity. It is well known that the ionic concentration and therefore the conductivity of the human blood do 
change with the glucose concentration5. In the sense, the sensor was tested for non-invasive detection of glucose 
variations in human blood. The measurements were performed at 4 MHz that was the detection frequency for the 
copper sample. First, the output voltage with the sensor isolated was measured (offset). Then, a 5 ml sample of 
human blood was placed 1 mm away from the sensor. The amplitude of the induced voltage in the acquisition coil 
changes 530 µV. After, 0,2 ml of a solution with a glucose concentration of 1 g/l was added to the 5 ml blood 
sample. In these conditions, the variation in the output signal was 820 µV. Therefore, the amplitude of the sensor 
response was increased by 290 µV, demonstrating that the sensor was able to detect the glycaemia variation.  
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 Figure 3. a-) Photograph of the fabricated sensor. b-) Induced voltage (Vind) in the acquisition coil measured with the sensor in presence of a 
copper sample. It can be observed a peak at 4 MHz, in this point the amplitude of Vind changes 560 mV with the presence of the metal. 
4. Conclusion 
In this research a new versatile and high sensitive electromagnetic sensor was designed. The working principle 
was analyzed theoretically and FEM simulations were done to demonstrate the operation of the sensor isolated and 
in the presence of a conductive sample. This investigation showed the existence of a peak in the frequency response 
of the sensor. Moreover, the amplitude and the frequency of the peak can be used to determine the electric 
parameters of the sample or to calculate others physical magnitudes affecting them indirectly. The designed sensor 
has important advantages such as high sensitivity, non-invasive operation, flexibility, scaling possibilities, 
depending on the fabrication technologies can work at high temperatures and reduction in the common noise 
because of the differential structure. Finally, the sensor was experimentally tested with a copper sample, showing a 
high sensitivity and the existence of a detection frequency, in good agreement with the theoretical analysis. A 
second experiment was done for detection of glucose variation in human blood. The sensor was able to detect the 
change in glycaemia. Although these results are not conclusive yet, this method could be a promising alternative for 
non-invasive and sensitive glucose detection or measurement. The available fabrication technologies and the 
functionalities of the sensor show potentialities to extend its use to branches like metallurgy, conductivity 
measurement, metal detection and biomedical engineering. At the same time, the scaling possibilities could open a 
door for new applications.  
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